Matrix mechanics controls cell fate by modulating the bonds between integrins and extracellular matrix (ECM) proteins. However, it remains unclear how fibronectin (FN), type 1 collagen, and their receptor integrin subtypes distinctly control force transmission to regulate focal adhesion kinase (FAK) activity, a crucial molecular signal governing cell adhesion/migration. Here we showed, using a genetically encoded FAK biosensor based on fluorescence resonance energy transfer, that FN-mediated FAK activation is dependent on the mechanical tension, which may expose its otherwise hidden FN synergy site to integrin α5. In sharp contrast, the ligation between the constitutively exposed binding motif of type 1 collagen and its receptor integrin α2 was surprisingly tension-independent to induce sufficient FAK activation. Although integrin α subunit determines mechanosensitivity, the ligation between α subunit and the ECM proteins converges at the integrin β1 activation to induce FAK activation. We further discovered that the interaction of the N-terminal protein 4.1/ezrin/redixin/moesin basic patch with phosphatidylinositol 4,5-biphosphate is crucial during cell adhesion to maintain the FAK activation from the inhibitory effect of nearby protein 4.1/ezrin/redixin/moesin acidic sites. Therefore, different ECM proteins either can transmit or can shield from mechanical forces to regulate cellular functions, with the accessibility of ECM binding motifs by their specific integrin α subunits determining the biophysical mechanisms of FAK activation during mechanotransduction.
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FRET biosensor | intracellular tension | substrate rigidity C ells can sense and respond to the mechanical microenvironment by converting forces into biochemical signals inside the cells; that is, mechanotransduction (1) . Focal adhesions (FAs) are the major sites of interaction between a cell and its extracellular matrix (ECM) microenvironment, and thus, outside mechanical signals can be sensed at FAs through transmembrane receptor integrins. In particular, it has been shown that matrix elasticity can control the cell fate (2) by modulating the interactions between ECM proteins and their receptor integrins (3, 4) . The modifications in ECM-integrin bonds can be further translated into biochemical signals through FA proteins (5) . For example, mechanical stretching of Crk-associated substrate (p130 CAS ) promotes its phosphorylation by Src family kinases (6) . Unfolding purified talin rod domain by mechanical stretching allows the recruitment of vinculin, potentially reinforcing the connection between integrin and actin (7) . Myosin II-dependent endogenous tension has also been shown to directly unfold vinculin in living cells (8) . However, it remains unclear how focal adhesion kinase (FAK), a major downstream molecule of integrin signaling, is regulated by mechanical signals.
Various ECM proteins including fibronectin (FN) and type 1 collagen (Col I) are specifically recognized by integrin subtypes with different combinations of α and β subunits, allowing diverse cellular responses to the same mechanical stimulations (9) . For example, M2 melanoma cells, lacking an actin cross-linker filamin A, spread on the rigid surface coated with FN, but not Col I (10) . Shear stress stimulates the activation of integrin α5β1 and αvβ3 in endothelial cells seeded on FN, which then activates PKCα and inhibits integrin α2β1. However, on Col I, shear stress can activate integrin α2β1 and PKA to suppress integrin α5β1 and αvβ3 (11) . A recent study also showed that normal and nonmetastatic tumor cells respond to substrate stiffness on FN, but not Col I (12) . However, the fundamental mechanisms of how these engagements of different ECM and integrin subtypes regulate mechanotransduction remain elusive. In this study, we present, using a fluorescence resonance energy transfer (FRET)-based biosensor, the biophysical and molecular mechanisms of FAK mechanoactivation via different ECMs and their corresponding integrin subtypes.
Significance
Mechanical forces, which guide cellular functions, can be sensed and translated into biochemical information at focal adhesions, where cells physically connect to extracellular matrix (ECM) through transmembrane receptor integrins. Our results have identified that different ECM proteins, type 1 collagen (Col I) and fibronectin (FN), can either transmit or shield from mechanical forces when regulating crucial intracellular signaling, focal adhesion kinase (FAK), with their different accessibility to the corresponding integrin receptors. Whereas the integrin α2 binding site in Col I is constitutively accessible, mechanical tension is required to expose the integrin α5 binding motif in FN. This finding should advance our understanding on how cells perceive extracellular mechanical cues through natural surface materials.
Results and Discussion
FAK Activation Depends on Mechanical Tension with Fibronectin, but Not Collagen. To investigate how different ECM molecules and integrin subtypes contribute to the mechanical tension-induced FAK activation, polyacrylamide gels of different stiffness were prepared (13) and coated with FN or Col I. We then applied a sensitive FAK FRET biosensor to visualize the FAK activity in live cells by detecting the autophosphorylation of Tyr397 and its subsequent binding to the Src SH2 domain with FRET change between enhanced CFP (ECFP) and a YFP variant (YPet) (SI Appendix, Fig. S1A ) (14) . In fact, this FAK biosensor was phosphorylated specifically by activated FAK on cell adhesion (SI Appendix, Fig. S1B ). Extensive characterization of its sensitivity, selectivity, and reliability can be found in our previous publication (14) . When human fibrosarcoma (HT1080) cells expressing the FAK biosensor were adhered on the FN-coated polyacrylamide (PA) gels through integrin α5β1 (SI Appendix, Fig. S2 ), the ECFP/ YPet emission ratio of the FAK biosensor, representing the FAK activity, increased proportional to the substrate rigidity (0.2-40 kPa) ( Fig. 1 A and B) . This is consistent with a previous observation that FAK phosphorylation at Tyr397 in HT1080 cells increased on the rigid surface, whereas tethering-independent Tyr861 phosphorylation representing the FAK expression level remained constant on gels with different stiffness (15) .
Cells can develop stronger intracellular tension on stiffer substrates, and accordingly exert higher traction force on their environment. Thus, we measured the root-mean-square traction on gels of varying stiffness (16) to assess the intracellular tension and examine its role in governing FAK activation. The results showed that the traction in HT1080 cells on the rigid 40-kPa gel (200 Pa) is significantly higher than on the soft 0.6-kPa gel (40 Pa) (Fig. 1C) , confirming that cells in the rigid environment can develop higher intracellular tension to exert stronger traction force. We further investigated the effect of intracellular tension on FAK activity. The actin polymerization inhibitor, cytochalasin D, or an inhibitor for myosin light chain kinase, ML7, was applied to suppress the intracellular tension. The FAK activation during cell adhesion on FN-coated gels was inhibited by preincubation with ML7 (Fig. 1D) . The direct addition of either cytochalasin D or ML7 also caused the decrease of the ECFP/ YPet ratios of FAK biosensor and the FA disassembly, as visualized by mCherry-tagged paxillin (SI Appendix, Fig. S3 ; Movies S1 and S2). This manipulation of actomyosin-derived tension was further shown to cause the reduction of traction force faster than the decrease of FAK activity (SI Appendix, Fig. S4 ), suggesting that the loss of actomyosin-based tension led to a decreased FAK activity. A similar starting point followed by an overall time delay of several minutes between the decreases in tension and FAK activity suggests the existence of possibly two FAK populations: one physically associated with FAs, and hence the pretensioned actin cytoskeleton, whose signaling/enzymatic activity can be almost immediately affected by tension (representing a similar starting point with a time delay <<1 s) (17, 18) , and the other physically separated from the cytoskeleton, whose activity relies on the recruitment into the FAs and hence changes slower than tension.
We further visualized the FAK activity at focal adhesions by targeting the FAK biosensor to focal adhesion sites, with focal adhesion targeting (FAT) domain in its C terminus (SI Appendix, Fig. S5A ). In response to ML7, this FAT-FAK biosensor also showed a decrease in the ECFP/YPet ratio as well as FA disassembly (SI Appendix, Fig. S5B ), confirming the tension-dependent regulation of FAK activity. Although the FAT-FAK biosensor can report the local FAK activity at focal adhesions, the main experimental conditions in the current study (e.g., on the gels) render very weak or no FA structures in HT1080 cells (SI Appendix, Fig. S6 ). Because it would be technically difficult to visualize and precisely compare the FAK activity at focal adhesions under these cell conditions, we used the cytosolic FAK biosensor, which in fact provides reliable and specific signals, as shown in our previous publication (14) .
We next investigated the effect of another major ECM molecule, Col I, on how FAK activity is modulated by substrate rigidity coated with Col I. Surprisingly, FAK activity in HT1080 cells on Col I was decoupled from surface stiffness ( Fig. 1 A and  B) . The phosphorylation level of endogenous FAK Y397 was also similar on soft and hard gels coated with Col I (SI Appendix, Fig. S7A ), supporting the observation of FRET signals. In fact, a high FAK activity was observed on soft 0.6-kPa gel, whereas the traction force on this soft gel was significantly lower than that on the stiffer 40-kPa gel (Fig. 1C) . Consistently, this FAK activation on cell adhesion on the Col I-coated soft gel was not inhibited by the preincubation of ML7 or a Rho kinase inhibitor Y-27632 (Fig. 1E) . Therefore, in stark contrast to the FN-coated surface, Col I-induced FAK activation in HT1080 cells was independent of mechanical tension. We further used the Lyn-FAK biosensor (14), which is capable of detecting the specific FAK activity at the plasma membrane raft-domains and focal adhesion sites (SI Appendix, Fig. S7B (Fig. 1 F and  G) , which contains the FAT domain for the occupation of FA sites to block the recruitment of endogenous FAK at FAs (19) , suggesting that the proper localization of FAK at FA is crucial for its activation. It has been previously shown that the matrix compliance can guide the differentiation of stem cells cultured on Col I-coated polyacrylamide gels (2-4). It is possible that FAK activation may represent an early event triggered by Col I-integrin interactions, which may then require mechanical cues for the completion of signaling transduction governing the stem cell differentiation. We further examined whether Col I can induce the FAK activation in the suspended cells, where no significant intracellular tension can be developed (20) . When soluble Col I was directly added to HT1080 cells in suspension, a strong FRET response was observed ( Fig. 2 A and B) . The Col I-induced FAK activation in suspension was also observed in other cell types (SI Appendix, Fig. S8C ; MDA-MB-231 cells; S8F, U87-MG cells). This increased ECFP/YPet ratio of FAK biosensor by Col I in suspension was specifically caused by FAK activation but was independent of intracellular tension, as a FAK inhibitor PF228 completely blocked this ratio change, whereas ML7 had no effect on it (Fig. 2C) . In contrast to Col I, no FAK activation in the suspended HT1080 cells was observed when soluble FN was applied ( Fig. 2 A and B) , consistent with the notion that the FNinduced FAK activation is dependent on the intracellular tension. The Col I-induced FAK activation in suspension was also blocked by inhibitory antibody against integrin α2β1 or by expressing FRNK (Fig. 2D) , confirming the primary roles of the specific interaction between Col I and its receptor integrin α2β1 and the correct localization of FAK via the FAT domain in the Col I-induced FAK activation in suspension.
Collagen can interact with integrin α2 via its GFOGER (GlyPhe-hydroxyproline-Gly-Glu-Arg) motif; thus, we examined whether FAK can be sufficiently activated by GFOGER peptide, a triple-helical collagen mimetic peptide (21) . Although the GFOGER peptide can indeed compete with Col I (SI Appendix, Fig. S9A ), it could not cause sufficient FAK activation under different dosages (SI Appendix, Fig. S9 B and C) . As the integrin recognition of Col I through the GFOGER motif is largely dependent on the Col I triple-helical structure (21) , this peptide may have less efficiency than Col I in activating integrin α2β1. GFOGER peptides are also more separated in solution than Col I. Indeed, when we clustered GFOGER peptides by immobilizing them on the bead surface, the ECFP/YPet ratio of FAK biosensor in cells seeded on poly-D-lysine (PDL)-coated surface increased near the attachment area of GFOGER-coated beads in a concentration-dependent manner (Fig. 2 E and F) . The same bead coated with PDL was not able to induce the FAK activation ( Fig. 2 E and F) , and ML7 did not inhibit the FAK activation by GFOGER beads (Fig. 2G) , suggesting that this FAK activation is not caused by the mechanical cues but, rather, by the clustered GFOGER ligands. In fact, the more clustered GFOGER ligands (of higher concentration) induced, the stronger FAK activation (Fig. 2E) , supporting this ligand-clustering effect on FAK activation. Although a higher FAK activation was observed near the GFOGER bead (Fig. 2F, Right) , the ECFP/YPet ratio was globally elevated in the whole-cell areas, likely because of the diffusion effect of the cytosolic biosensors, as we previously observed (22) .
Distinct Biophysical Mechanism of FAK Mechanoactivation Determined
by Accessibility of ECM Binding Motifs to Integrin α Subunits. Integrin α2β1 directly binds to GFOGER peptide in Col I through the unique I-domain of the α2 subunit (23) . This ligation can cause the conformational changes and activation of the β subunit to result in the full activation of integrin α2β1 (9), which then triggers the FAK activation. Our results suggest the GFOGER peptide in Col I is readily exposed to mediate this initial ligation, resulting in the tension-independent FAK activation. In contrast, integrin α5β1 can bind to FN either as relaxed or tensioned state (15) . Although the relaxed integrin α5β1 binds to the RGD (Arg-Gly-Asp) motif in FN via a β1 subunit, in the tensioned state supported by actomyosin-derived contractility, the additional binding of the FN synergy site to α5 subunit can result in FAK activation (15, 24) . Thus, the role of mechanical tension in FN-mediated FAK activation would be to stretch the FN molecule (25) , exposing its otherwise hidden synergy site; in contrast, the tension-independent FAK activation by Col I is caused by the direct engagement of integrin α2 with the readily exposed GFOGER motif.
To examine whether FAK can be activated independent of tension by integrin α5β1, we applied the integrin β1-binding RGD peptide together with an integrin α5-activating antibody SNAKA51 (26) to the suspended cells. A strong FAK activation was observed with RGD and SNAKA51, but not its control nonfunctional antibody mAb11 (Fig. 3 A and B) . The incubation with SNAKA51 alone did not cause any FAK activation, whereas RGD peptide, which binds to integrin subunit β1 at the interface between subunit α5 and β1 (15, 27) , can only partially activate FAK (Fig. 3 A and B) . FN, FNIII7-10 domain (seventh to tenth type 3 FN repeats), and RGD peptide at various concentrations could not cause a full FAK activation without an α5 activating antibody (SI Appendix, Fig. S10 ). These results suggest that FAK can be fully activated only when both α5 and β1 subunits are engaged. The incubation of ML7 did not inhibit the FAK activation induced by RGD and SNAKA51 (Fig. 3B) , confirming the tension-independent FAK activation mechanism in this system. SNAKA51 binds to the calf 1/calf 2 domains of integrin α5, causing a conformational change of the integrin legs to induce or stabilize the active conformation of integrin α5 (26) . To further examine whether this SNAKA51 activation effect can be achieved by a simple engagement of integrin α5 with its ligand peptide PHSRN (Pro-His-Ser-Arg-Asn) derived from the FN synergy site, we applied the PHSRN peptide together with RGD motif to the suspended HT1080 cells. A strong FAK activation was observed by simply adding RGD with PHSRN peptide, but not with the control scrambled peptide HPRNS (Fig. 3 A and C) . The addition of SNAKA51 did not further increase the ECFP/ YPet ratio of the FAK biosensor (Fig. 3C) , suggesting that the simple ligation of integrin α5β1 with RGD and synergy peptides is sufficient to activate FAK in suspension. This FAK activation was not inhibited by the pretreatment with ML7, suggesting a tension-independent FAK activation (Fig. 3C) . Thus, FAK can be activated by integrin α5β1 independent of tension if both integrin α5 and β1 are engaged, supporting our hypothesis that the role of mechanical tension in FN-induced FAK activation is to unfold the FN molecule and expose its synergy site to be accessed by integrin α5 subunit. In contrast, the Col I-induced FAK activation is tension-independent because the ligand GFOGER motif in Col I is readily accessible to integrin α2. Therefore, our data showed that integrin α subunits play crucial roles in determining the mechanosensitivity of FAK activation, as the adhesion of HT1080 cells to FN or Col I is dependent on integrin α5β1 (15, 28) or α2β1 (29-31), respectively (SI Appendix, Fig. S2 and Fig. 2D ). We further revealed that the expression levels of α2 and α5 were comparable (SI Appendix, Fig. S11) , and thus the distinct cellular responses to the substrate rigidity on FN-and Col I-coated surfaces should be attributed to the difference in the ligation mechanism of different integrin subtypes, but not to the difference of their expression levels.
Molecular Mechanism of FAK Activation on Integrin Activation. Although the integrin α subunit determines the mechanosensitivity of FAK activation by different accessibility to its ECM binding motif, the ligation between the α subunit with the ECM proteins eventually can converge at the activation of the integrin β1 subunit, which is directly associated with many signaling proteins including FAK (32) . Indeed, direct activation of integrin β1 by an activating antibody 12G10, but not its control antibody K20, was sufficient to cause a full FAK activation (Fig. 3D) . A monovalent 12G10 Fab also caused FAK activation (SI Appendix, Fig. S12A ), confirming that the activation of integrin β1 is sufficient for the FAK activation, independent of tension. This note is further supported by the observation that cells on soft gels coated with 12G10 antibody displayed a full FAK activation (SI Appendix, Fig. S12B ). When an inhibitory antibody for integrin β1 was applied, the FAK activation was inhibited in the suspended cells induced by Col I or in cells on the FN-coated rigid gel (Fig. 3 E  and F) . Therefore, the ligation of α subunit and the ECM proteins converges at the integrin β1 activation and shares the mechanism of FAK activation. The clustering of integrin β1 by activating antibody AG89 was previously shown to induce the FAK phosphorylation on Tyr861, but not Tyr397, in the suspended HT1080 cells (28) . 12G10 recognizes the βA domain of integrin β1 at the ligand-binding region (33) , whereas AG89 recognizes the membrane proximal stalk-like regions of integrin β1 (34) . The distinct effect of 12G10 and AG89 on FAK activation may thus reflect their different binding epitopes in integrin β1 and the subsequent differential integrin activation status (33, 34) . Although the mechanosensitivity of FAK activation is determined by different ECM accessibility to the integrin α subunit, we further investigated the intracellular molecular mechanism of FAK activation after integrin β1 activation to construct an integrated mechanistic model. It has been well established that integrins can be clustered on ECM engagement (35) as a result of the homophilic association between transmembrane domains (36) . FAK can be recruited to the clustered integrins through its FAT domain (37) , which then induces the transphosphorylation of Y397 between neighboring FAK molecules and the subsequent FAK activation (38) . Consistently, a FAK mutant FRNK, which blocks the FAK recruitment/clustering at FAs (19) , inhibited the FAK activation (Figs. 1 F and G and 2D) . The inhibition of the Y397 phosphorylation by the FAK Y397F mutant, the constitutively active FA-targeted Shp2, an SH2-containing protein tyrosine phosphatase, which is capable of dephosphorylating FAK at Y397 (39) , also suppressed the FAK activation (SI Appendix, Fig. S13 A and B) . These results support the notion that the transphosphorylation at Y397 by integrin-induced FAK recruitment/clustering via its FAT domain is crucial for the FAK activation.
In addition to the FAT domain function, the basic patch in the N-terminal protein 4.1/ezrin/redixin/moesin (FERM) F2 domain and its interaction with acidic molecules [e.g., phosphatidylinositol 4,5-biphosphate (PIP 2 )] have been suggested to regulate the FAK activation (40, 41) . In fact, mutations on the FERM basic patch, K216A/K218A/R221A/K222A (KAKTLRK), or PIP 2 inhibitor neomycin (42) , inhibited the FAK activation on cell adhesion (Figs. 4 A and B and SI Appendix, Fig. S13C ). Interestingly, in suspended cells, FAK kinase dead (FAK KD) or FAK Y397F mutant, but not this KAKTLRK mutant, blocked the FAK activation (SI Appendix, Fig. S13B ). We hypothesized that the FAK activation may be sufficiently initiated by transphosphorylation via its FAT domain-mediated localization/clustering (38) , however, an intact FERM domain may be additionally required to protect and maintain the FAK activation from inhibitory molecules emerging during cell adhesion. Indeed, the KAKTLRK mutant allowed a normal initiation of FAK activation but had an early termination of this activation phase during cell adhesion on FN-coated surface when compared with the control wild-type group (Fig. 4 A and B) .
It has been recently reported that the interaction of FERM with myosin negatively regulates FAK activity by promoting the autoinhibited FAK conformation (43) . This recent study provided strong evidence of direct interaction between myosin heavy chain Integrin α5β1 can be fully activated in the tensioned state where both RGD peptide (yellow circle) and synergy site (red circle) bind to α5 and β1 subunits, respectively. Because FN synergy site is exposed only in the high-tensional state, the FAK activation via integrin α5β1 is dependent on the mechanical environment. In contrast, integrin α2β1 can directly bind to the constitutively exposed GFOGER motif (orange circle) in Col I, thus causing the activation of integrin α2β1 and FAK independent of mechanical tension. (B) Integrin activation can recruit and induce the transphosphorylation of FAK. This leads to the FAK activation, which is maintained by the interaction between the FERM basic patch (blue oval) and PIP 2 to prevent the inhibitory interaction of myosin II with FERM acidic sites (red oval).
and the FERM domain of FAK by extensive biochemical assays including GST pull-down assays as well as coimmunoprecipitation experiment (43) . The key residues of FERM F2 domain for myosin binding, E158/D161/Q162 (EDQ) (43) , are positioned proximal to the FERM F2 basic patch KAKTLRK (SI Appendix, Fig. S14A ). In addition, the EDQ sites contain several acidic amino acids that can bind to the basic residues of coiled-coil myosin (43) , whereas KAKTLRK basic patch region binds to acidic molecules (e.g., PIP 2 ) (40). We hypothesized that PIP 2 and the inhibitory myosin may compete for the binding of FERM domain through the closely positioned KAKTLRK and EDQ residues, respectively. KAKTLRK mutation may reduce the FERM interaction with PIP 2 to result in an enhanced association between FAK and the inhibitory myosin, which leads to FAK suppression (SI Appendix, Fig. S14B ). Additional EDQ mutation to the KAKTLRK mutant in the FERM domain should then rescue the FAK activation by releasing inhibitory myosin binding during cell adhesion (SI Appendix, Fig. S14C) . Indeed, the defect of FAK activation of KAKTLRK mutant during cell adhesion was fully recovered by these additional EDQ mutations (KAK-EDQ) (Fig. 4C) . EDQ mutations in wild-type FAK (EDQ), however, did not have significant enhancing effect on the FAK activation on adhesion (Fig. 4D) , suggesting that the wild-type FAK may mainly bind to PIP 2 via the FERM basic patch, and hence be protected from the inhibitory myosin binding. Therefore, our results suggest that during cell adhesion on FN, the balance of myosin/PIP 2 binding is crucial for the proper FAK activation (Fig. 4E ). When cells were applied to the Col I-coated surface, FAK activation was also inhibited in the KAKTLKR mutant but completely rescued by additional EDQ mutations (KAK-EDQ; Fig. 4F ), suggesting similar roles of the myosin/PIP 2 balance in FAK activation mechanism under both Col I and FN conditions. These results suggest that although distinct FAK mechanoactivation on different ECM is determined by different accessibility of the integrin α subunit to its ECM binding motif (Fig. 5A) , intracellular FAK activation can be achieved and maintained in a similar manner through the common integrin β1 subunit and myosin/PIP 2 balance (Fig. 5B) . Therefore, our study provides unique insights on the biophysical and molecular mechanisms on how different ECM proteins and specific integrin subtypes perceive mechanical forces to regulate intracellular FAK activation in an integrated model.
Materials and Methods
We have provided detailed information of materials and methods in SI Appendix. These materials and methods include the DNA Plasmids, Cell Culture and Reagents, Antibodies and Peptides, Preparation of Polyacrylamide Gels with Coupled ECM Proteins, Traction Force Measurement, Bead Coating, Immunoprecipitation and Immunoblotting, and Image Acquisition.
